In active, shallow, sub-volcanic magma conduits the extent of the dehydrogenation^oxidation reaction in amphibole phenocrysts is controlled by energetic processes that cause crystal lattice damage or conditions that increase hydrogen diffusivity in magmatic phases. , and fragments of glassy groundmass were analyzed for dD and water content. Changes in amphibole dD values through time are evaluated within the context of carefully observed volcanic eruption behavior and published petrological and geochemical investigations. Driving forces for amphibole dehydrogenation include increase in magma oxygen fugacity, decrease in amphibole hydrogen fugacity, or both. The phenocryst amphibole (dD value c.^57ø and 2 wt % H 2 O) in the white fallout pumice of the May 18, 1980 plinian eruptive phase is probably little modified during rapid magma ascent up an $7 km conduit. Younger volcanic rocks incorporate some shallowly degassed dacitic magma from earlier pulses, based on amphibole phenocryst populations that exhibit varying degrees of dehydrogenation. Pyroclastic rocks from explosive eruptions in June^October 1980 have elevated abundances of mottled amphibole phenocrysts (peaking in some pyroclastic rocks erupted on July 22, 1980), and extensive amphibole dehydrogenation is linked to crystal damage from vesiculation and pyroclastic fountain collapse that increased effective hydrogen diffusion in amphibole. Multiple amphibole dD populations in many 1980 pyroclastic rocks combined with their groundmass characteristics (e.g. mixed pumice textures) support models of shallow mixing prior to, or during, eruption as new, volatile-rich magma pulses blended with more oxidized, degassed magma.
Amphibole dehydrogenation is quenched at the top surface of MSH dacite lava lobes, but the diversity in the dD amph populations in original fresh lava flow surfaces may occur from blending magma domains with different ascent histories in the sub-volcanic environment immediately before eruption. Multi-stage open-system magma degassing operated in each parcel of magma rising toward the surface, whereas the magma below $7 km was a relatively closed system, at least to the October 1986 eruption based on the large population of minimally dehydrogenated, rim-free amphibole in the lavas. Magma degassing and possibly H isotope exchange with low-dD fluids around the roof zone may have accompanied the $1·5 km upward migration of the 1980 magma body. The low-dD amph (c.^188 to^122ø) oxy-amphibole phenocrysts in lava spines extruded in May 2005 reflect dehydrogenation as ascending viscous magma degassed and crystallized, and fractures that admitted oxygen into the hot solidified lava spine interior facilitated additional iron oxidation.
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I N T RO D UC T I O N
Magma degassing is known to fractionate protium ( 1 H) and deuterium ( 2 H or D) in explosive to effusive volcanic eruption sequences of crystal-poor rhyolites (Newman et al., 1988; Taylor, 1991) . Explosive volcanic eruptions can result from disruption of active hydrothermal systems through poorly sealed volcanic conduits (see Sheridan et al., 1981; Sheridan & Wohletz, 1983; Wohletz, 1986) . Distinguishing magma degassing from hydromagmatic processes in porphyritic arc volcanic rocks, although challenging (see Kuroda et al., 1988) , may be possible where hydrogen isotope signals (i.e. a D/H shift) in hydrous phenocrysts and in glassy groundmass are distinct (see O'Neil & Taylor, 1985; Westrich et al., 1985; Taran et al., 1997) , and by considering rock textures within the eruption context (see Heiken et al., 1988; Taylor, 1988) .
Amphibole and biotite are the most common hydrous phenocrysts in volcanic rocks used for H isotope studies; rapidly quenched, fresh volcanic rocks can preserve magmatic dD values in such phenocrysts (Graham et al., 1984; Hoblitt & Harmon, 1993; Miyagi & Matsubaya, 2003) . Amphibole phenocrysts in volcanic rocks generally are little affected by degassing during eruption because the H isotope re-equilibration rate in amphibole is comparatively slow in silicic magmas (Hildreth & Drake, 1992; Hoblitt & Harmon, 1993; Kusakabe et al., 1999; Harford & Sparks, 2001) . However, H isotope fractionation in Fe-rich calcic amphibole may occur in certain high-temperature sub-volcanic environments Kuroda et al., 1988; Phillips et al.,1988; Miyagi et al.,1998; Popp et al., 2006) .
In contrast to the swiftness of the reactions observed in experiments, natural samples of volcanic rocks typically contain variably hydrated oxy-amphibole crystals with a range of dD amph values (see Hildreth & Drake, 1992; Hoblitt & Harmon, 1993; Kusakabe et al., 1999; Harford & Sparks, 2001 ). Identification of shallow conditions or processes in the sub-volcanic magmatic conduits that may influence dehydrogenation in hydrous phenocrysts is needed (see Dyar et al., 1993; King et al., 1999) . For example, the common occurrence of dehydrogenated hydrous minerals noted in some pumiceous rocks from pyroclastic eruptions (see Miyagi & Matsubaya, 2003) could be related to physical damage to phenocrysts, which can significantly increase the effective diffusion of hydrogen (Underwood et al., 2012) .
To investigate D/H shifts in amphibole phenocrysts and enveloping glass, a well-documented modern eruption sequence from an intermediate to silicic volcano is needed. We selected the 1980^1986 eruptions at Mount St. Helens (MSH) because they attracted intense scientific scrutiny, including studies focused on the formation and stability of amphibole phenocrysts in the magmas (e.g. Rutherford & Devine, 1988; Rutherford & Hill, 1993) , and whole-rock D/H values from crater dome lavas (Anderson & Fink, 1989 Anderson et al., 1995) . The radical change in eruptive style in subsequent 2004^2008 eruptions (i.e. lava spines and whalebacks) was carefully examined with several investigations focusing on amphibole phenocrysts in the lavas (e.g. Kent et al., 2007; Rowe et al., 2008; Rutherford & Devine, 2008; Thornber et al., 2008a , water contents and D/H using microanalytical techniques on amphibole phenocrysts and mineral separates (see Feldstein et al., 1996; Sharp et al., 2001) , and water contents and D/H of fragments of glassy groundmass to determine the effectiveness of hydrogen isotopes to constrain shallow sub-volcanic processes under MSH. H isotope and chemical changes in amphibole populations are considered within the timescales and behaviors of observed volcanic events for the 1980^1986 and 2004^2005 MSH eruptions. In addition, interpretations of the amphibole and groundmass glass data for the volcanic rocks from these eruptions are constrained by complementary seismic, geochemical and petrological observations.
Regional tectonic and geological setting
Mount St. Helens is an active composite volcano in the Cascade arc, positioned above a dextral offset in the St. Helens seismic zone (SHZ) that aligns with the contemporary regional principal stress direction produced by the obliquely converging North American and Juan de Fuca (JdF) plates Weaver & Malone, 1987; . Silicic volcanism at or near the present location of the MSH edifice began as early as 300 ka; construction of the pre-1980 cone began less than 4000 years ago at the start of the Spirit Lake stage (Crandell, 1987; Clynne et al., 2008) . Seven major eruptive periods produced predominantly dacitic volcanic rocks, although MSH erupted olivine basalts to rhyodacites in these periods and exhibited a wide range of eruptive styles (Mullineaux, 1986) .
The MSH edifice rests on a thick, deeply eroded section of the Ohanapecosh Formation, which formed from 28 to 23 Ma during subaerial eruptions of the Tertiary Cascade magmatic arc . The total thickness of the Ohanapecosh Formation is not well constrained at MSH, but it has at least a 1km thick lower zone of predominantly volcaniclastic products overlain by 2 km of interbedded volcaniclastic layers and lava flows; the uppermost 1km is dominated by lava flows (Lill, 1987) . The Ohanapecosh Formation units were altered by zeolitefacies burial metamorphism and contact metamorphism around numerous Miocene dikes, sills and plutons . Regional tectonism at $21^18 Ma resulted in shallow, open folding; MSH rests on the limb ($258 eastward dip) of a south-plunging anticline .
At $6 km depth, the top of the southernmost tip of the southern Washington Cascades conductivity anomaly (SWCC) may contact the eastern extent of the MSH magmatic system (Stanley et al., 1987) . The SWCC is an east-dipping structure that is at least 4 km thick at the SHZ discontinuity under MSH. Stanley et al. (1987) concluded that the SWCC may be a marine compressed forearc basin with an accretionary prism complex of early Jurassic to Eocene age. In addition, those researchers suggested that the upper SWCC rocks probably include carbon-rich continentally derived sediments such as lowresistivity, high metal content black shales.
MSH 1980^1986 eruption chronology, 1987^2003 repose, and 2004^2008 eruptions
Seismic modeling of 1980^1986 earthquakes beneath MSH suggests that a 5^7 km 3 cylindrical magma reservoir between $7 and $11km depth fed the MSH eruptions (Scandone & Malone, 1985; Barker & Malone, 1991) . Increased seismic activity beneath MSH began on March 16, 1980 (Endo et al., 1981) . For 52 days, magma slowly inflated a shallow ($0·5^1km depth) cryptodome in the north flank of the wet, snow-and ice-mantled cone (Lipman et al., 1981a; Hoblitt & Harmon, 1993) . At 1532 UTC May 18, 1980, one or more earthquakes 4M L 5 triggered a catastrophic landslide that unroofed the cryptodome; the sudden depressurization of variably degassed magma triggered a lateral blast eruption that demolished the cryptodome Shemeta & Weaver, 1986) . This second abrupt drop in lithostatic pressure over the vent in 510 min immediately triggered explosive hydrothermal and shallow hydromagmatic interactions that produced a wet pyroclastic surge and flow capped by 56 cm of coarse to fine ash with abundant accretionary lapilli (Christiansen & Peterson, 1981; Hoblitt et al., 1981; Moore & Sisson, 1981) .
At about 1600 UTC, a vertically directed plinian eruption cloud containing ash and white pumice lapilli fallout began and lasted $3 h (Criswell, 1987) . From 1915 UTC to 115 UTC May 19, 1980 , the eruption shifted to pulsating pyroclastic fountaining with more energetic pulses generating pyroclastic flows over the remaining crater rim and through The Breach (Criswell, 1987) . Ponded pyroclastic flows and interbedded ash layers formed hot, steaming deposits on the Pumice Plain (Fig. 1) to the north of MSH (Banks & Hoblitt, 1981; Criswell, 1987) .
Explosive volcanic eruptions occurred on May 25, June 12, July 22, August 7, and October 16^17, 1980; repose intervals lengthened and the erupted magma volume waned in each succeeding eruption (Lipman et al., 1981b; Scandone & Malone, 1985) . These eruptions typically produced pumice-laden sub-plinian eruption columns and pumiceous pyroclastic flows containing lava dome fragments Waitt et al., 1981; Cashman & McConnell, 2005) . The October 18, 1980 eruption was the first of 15 eruptive episodes that contributed to growth of a permanent lava dome in the crater (Swanson & Holcomb, 1990) . Dome growth involved a combination of endogenous inflation and stubby exogenous lava lobes as the magma supply rate to the dome dropped by !50% from 1981 to 1986 (Swanson & Holcomb, 1990) . The surface morphology of the dome lava lobes changed from smooth in October 1980 to predominantly scoriaceous textures from December 1980 to June 1984; from September 1984 to October 1986 predominantly smooth lava surfaces reappeared (Anderson & Fink, 1990) .
MSH experienced swarms of seismic activity from 1987 to 2003, and six steam explosions occurred between August 24, 1989 and June 18, 1991 (Mastin, 1994 Moran, 1994; Wiemer & McNutt, 1997; Moran et al., 2008) . Analyses of 1995^1998 seismicity at MSH placed the magma reservoir depth between $5·5 and 10 km (Musumeci et al., 2002) . In October 2004, the first of a series of spines and whalebacks of dacitic lava was emplaced in the crater between the south wall and the 1986 lava dome lobes.
MSH dacites erupted in 1980^1986 are porphyritic with 30^35% plagioclase, 5% orthopyroxene, 1^2% amphibole, 1^2% Fe^Ti oxides, and 50·5% clinopyroxene Cashman & Taggart, 1983; Cashman, 1992) . The porphyritic dacite lavas erupted in 2005^2006 averaged 35% plagioclase, 5% orthopyroxene, 5% amphibole, 1·6% Fe^Ti oxides, and 0·9% tridymite and cristobalite (Pallister et al., 2008) . Amphibole modal proportions in the dacites changed during 1980^1986, and again in 20042 006 Cashman & Taggart, 1983; Pallister et al., 2008) . Amphibole abundance is 2·5^3·7 modal % in the May 18, 1980 pyroclastic rocks, and decreases to $2 modal % in pyroclastic rocks erupted through October 1980 . Amphibole abundance is 1^2 modal % in the porphyritic dome lavas erupted during 1980^1986 (Cashman & Taggart, 1983; Cashman, 1992) . In 2005 eruptive products, amphibole was 3^5·6 modal % (Pallister et al., 2008) .
Vesicular pyroclasts from the May 18^August 7, 1980 eruptions have higher proportions of glass (65^45 wt %) than do younger crater dome lavas (45^35 wt % glass) (Melson, 1983; Cashman, 1992) , and the glass compositions are rhyolitic (Cashman, 1992; Blundy & Cashman, 2001) . Porphyritic dacite lavas erupted in 2005^2006 have microcrystalline groundmasses. The abundance of plutonic rock xenoliths in erupted products following destruction of the cryptodome on May 18, 1980 was low, but increased in subsequent eruptions to 3^5 vol. % in the 1981^1986 dome lavas (Heliker, 1995) . In the 2004^2006 lavas, the estimated abundance of plutonic rock xenoliths is 1^5 vol. % (Pallister et al., 2008) . In the gabbronorites that are the dominant plutonic inclusion type, 5^17 modal % of the rock is anhedral hornblende that rims or replaces pyroxene and up to 9 modal % is interstitial and intragranular glass (Heliker, 1995) .
M E T H O D S Sampling approach and petrographic inspection
We collected rock samples for this study at MSH in 20032 005; these included materials erupted on May 18, 1980 to (Thornber et al., 2008a (Thornber et al., , 2008b . Several laminated gabbronorite inclusions ($0·4^0·75 m in longest dimension) containing 510% modal amphibole were obtained from the 1983 and 1986 dacite dome lavas.
To aid the interpretation of amphibole H isotope data, multiple crystals from one thin section per sample were assigned to reaction rim categories to estimate the relative proportions of rim population types. Approximate thicknesses (i.e. not guaranteed perpendicular to the amphibole surface) were measured using a calibrated eyepiece reticle (see Rutherford & Hill, 1993) . In addition, amphibole crystals were evaluated in plane light to assess the degree of crystal damage and defect density, and to estimate the extent of iron oxidation from pleochroic color ranges.
Amphibole halide content and Fe^Ti oxide compositions
The goal of the amphibole analyses was to estimate average halide contents in each mineral separate by evaluating amphibole F and Cl concentrations. Electron microprobe analyses were conducted using Cameca SX-50 instruments at Oregon State University and the University of Lausanne (UNIL), Switzerland, and a Cameca Camebax probe at Washington State University. Analytical conditions for amphibole analyses included a 15 nA beam current, a 15 kV acceleration voltage and a focused beam of 1^2 mm. Calibration of the instruments was checked periodically in each microprobe session by analyzing natural and synthetic mineral and oxide standards and occasional repeated spot analyses.
Compositions of Fe^Ti oxide grain pairs were analyzed using a 20 nA beam current, a 15 kV acceleration voltage and a 1^2 mm focused beam. For each slide 3^5 points on single oxide grains in 3^5 touching grain pairs of magnetite^ulvo« spinel and ilmenite^hematite enveloped in glass pools were analyzed. Major element analyses for Fe^Ti oxide pairs were input to an Excel spreadsheet program ILMAT (Lepage, 2003) , and utilizing the solution model of Stormer (1983) , magmatic temperatures and oxygen fugacities (f O2 ) were calculated according to Andersen & Lindsley (1988) . Average compositions for each mineral in a grain pair were evaluated to determine if they satisfied the Mg/Mn equilibrium partitioning criteria of Bacon & Hirschmann (1988) .
Preparation of mineral and groundmass separates
Between 0·75 and 1·2 kg of dacitic sample was crushed, ground, sieved and magnetically processed prior to hand-picking 0·6^0·3 mm crystal fragments for the preliminary amphibole concentrates. Gabbroic inclusions larger than $2 mm were removed during comminution of pumice and lava samples to minimize xenocrystic amphibole contamination. Each preliminary concentrate was further refined by sorting amphibole grains by color (e.g. dark grains, rust-colored grains) under a binocular microscope. Typically, only one color population was recovered in sufficient quantity for subsequent analyses. Because some amphibole crystal fragments retained reaction rims, refinement by ultrasonic cleaning for 5^10 min in deionized water was followed by hand-picking to reduce rim and glass contamination in the mineral separate. The purity of the final separates from the erupted dacitic host-rock was typically 495% amphibole, whereas amphibole extracted from amphibole-poor gabbronorite probably contained up to 20% pyroxene as mineral inclusions. Small amounts of anhydrous mineral contamination have little effect on dD values, and effects on water content are often within the error in the microanalytical method.
Pure glass concentrates were impossible to prepare owing to the often extensive microcrystallinity of the groundmass. Instead, concentrates of glass fragments from groundmass particles (0·425^0·3 mm) of the glassiest samples were made by excluding as much phenocrystic plagioclase and orthopyroxene as practical. The resulting separates contained glass with undetermined proportions of plagioclase, orthopyroxene and opaque microphenocrysts. Groundmass glass concentrates from each pumiceous pyroclastic sample were hand-picked to obtain grains of similar color and texture.
Measurement of dD values and water contents
D/H values and water contents in both amphibole separates and groundmass concentrates were obtained by microanalytical mass spectrometry methods (Sharp et al., 2001) in the stable isotope laboratory of the Department of 
Each run generates a dD value, and wt % H 2 O is determined by calculation from the total hydrogen yield from the sample. Groundmass samples were dried in an oven at 1108C overnight prior to analysis. Silver foil capsules were filled with either 7^8 mg of amphibole or 5^13 mg of groundmass and sealed by crimping, prior to dropping into a 14508C graphite furnace packed with glassy carbon. Helium carrier gas transported the hydrogen during chromatographic separation from CO, and then into a Delta Plus XL mass spectrometer. Standards run concurrently during analyses of the unknowns included NBS-30 biotite (dD ¼^65ø) and in-house standards Water Canyon biotite (dD ¼^106ø) and Banco Bonito biotite (dD ¼^76ø). Analytical precision (AE1s) of the standard results was always better than AE3ø for dD and 0·1wt % for water content. For the groundmass samples, the values reported have estimated errors of up to AE6ø for dD and up to AE0·2 wt % H 2 O, with the smallest and driest samples having the greatest uncertainty.
Analytical measurement of amphibole FeO and total iron
After extracting aliquots for dD value and water content measurement, the remainder of each amphibole concentrate was submitted for FeO wet chemical analyses (see Feldstein et al., 1996) . Colorimetric determinations of wt % FeO and total iron (as FeO) were performed by two different methods in two separate laboratories, but under the supervision of the same chemist. In one series, amphibole separates ranging between 1·1 and 31mg were submitted to the analytical chemistry laboratory of the Department of Earth and Planetary Sciences at the University of New Mexico. To determine FeO content, dissolution of the powdered crystals in hydrofluoric and sulfuric acids preceded titration of the solution with potassium dichromate using diphenylamine sulfonate sodium salt indicator (Kolthoff & Sandell, 1961) . The total iron was determined on a split of the same aliquot by inductively coupled plasma atomic emission spectrometry (ICP-AES). Several iron standards were checked during the titrations, including an iron-rich biotite, phlogopite, MRG-1 gabbro, and in-house UNM ' Criswell (1987) . ô Erupted date range based on sample location referenced to dome lava growth maps of Holcomb & Colony (1995) .
¥
Plutonic rock inclusion, $0·4-0·75 m in longest dimension. jj CVO crater dredge samples (Pallister et al., 2008; Thornber et al., 2008b) . G,T Groundmass glass separate color for pyroclastic samples range from gray (G) to tan (T). Amphibole separates made exclusively from gray or tan pumiceous groundmass are indicated with a 'G' or 'T', respectively. B-1. Depending on sample size, the % error in FeO wt % relative to known values of standards was 54%.
In the second case, direct measurements of FeO content and total iron in 1·5^11mg amphibole aliquots were determined colorimetrically at Sandia National Laboratories in Albuquerque, New Mexico. A ferrozine wet chemical method optimized for small geological samples was selected (Husler et al., 2010) . Following digestion of powdered crystals in H 2 SO 4 and HF, an aliquot of the resulting solution was analyzed for FeO content using the spectrophotometric agent ferrozine. For total iron (as FeO), another solution aliquot was treated with a reducing agent (hydroxylamine HCl) prior to addition of ferrozine. 
R E S U LT S
Because amphibole hydrogen content and MSH volcanic deposit type may be correlated (see King et al., 1999; Miyagi & Matsubaya, 2003) , our eruption-ordered samples are grouped by volcanic activity type. The groups for 1980 are March^May (cryptodome inflation), May 18 eruptions, and June^October (pyroclastic eruptions). Crater lava lobe eruptions are segregated by dome growth style (Swanson & Holcomb, 1990) : May 1982^January 1984 (lava lobe extrusions following the March 1982 explosive eruption and followed by a continuous, year-long endogenous dome inflation), June^September 1984 (episodic endogenous inflation and exogenous lava extrusion), 1986 (two periods of endogenous dome inflation with lava lobe extrusion), and 2005 (two lava spines). Within each group, single samples may contain diverse amphibole color populations (e.g. green, mottled, etc.), depending on volcanic deposit type and position within the deposit. Gabbronorite inclusions are from the 1983 and 1986 lavas.
Amphibole petrography
Most amphibole phenocryst surfaces fall into one of four categories: (1) rim-free or clean; (2) coarse-grained coronas; (3) fine-grained coronas; (4) fine black rims (see Cashman, 1992; Rutherford & Hill, 1993; Cashman & McConnell, 2005; Thornber et al., 2008a) . Example photomicrographs of each category type are illustrated in Fig. 2 . The multiple populations of reaction rim textural types and thicknesses on amphiboles are shown in Fig. 3 for each dacite sample. Characteristic thickness ranges for each rim type are 0·03^0·06 mm for coarse corona rims, 0·01^0·04 mm for fine corona rims, and 0·01mm for black rims. These rim thickness estimates (Fig. 3b ) agree reasonably well with the more detailed, quantitative measurements on MSH amphiboles by Rutherford & Hill (1993) and observations by Thornber et al. (2008a) .
Amphiboleçmelt reactions form rim products of orthopyroxene, clinopyroxene, plagioclase, magnetite and ilmenite as grains on amphibole as P H2O decreases during slow magma decompression (Rutherford & Hill, 1993) . Thinner corona rims tend to be more finely crystalline, whereas the thickest corona rims are usually coarsely crystalline (see Cashman & McConnell, 2005) . The gradual decline in the proportion of amphibole with fine-grained rims paired with a steady increase in the proportion of amphibole with coarser-grained rims (Fig. 3a) started June 12, 1980, and continued through the October 1986 dome eruption (see Cashman, 1992) . Fine black rims on amphibole reacting with devolatilized melt at near-surface pressures are prevalent in both the 1980 cryptodome and the 2005 spines (see Rutherford & Devine, 2008; Thornber et al., 2008a) . However, because our optical microscopy method does not permit clear delineation of grain size or mineral type in the 'fine black' rim category, it is possible that some of these rims are associated with low-pressure opacitization processes, which do not require a contacting melt (see McCanta et al., 2007; Underwood et al., 2012) .
Mottling is a distinctive coloration where the bulk amphibole is more greenish whereas cleavage planes and crystal defects have rust-colored haloes (Fig. 2e) . Compositional differences between rust and green areas of the same crystal were not detectable by microprobe analysis. Mottled amphibole was observed in both isolated phenocrysts and euhedral amphiboles in open crystal clots. Figure 4c is a trend plot of the estimated percentage of mottled amphibole crystals in each sample against the range of pleochroic colors displayed by non-mottled crystals. During the summer of 1980, the proportion of mottled amphibole crystals reached a maximum (up to c. 95%) in a pyroclastic sample (SU03-112) erupted on July 22. In the May 1982^September 1984 dome lavas, mottled crystals are absent or sparse. In the October 1986 dome lava lobe, we observed a maximum abundance of 15^20% at $41m from the vent (SU03-140) relative to a 55% background abundance of mottled amphibole crystals.
Major elements and halogens in MSH amphibole
Amphibole phenocryst compositions in MSH dacitic volcanic rocks are primarily tschermakite and magnesiohornblende, with compositional zonation related to tschermakite (pressure) and edenite (temperature) exchange reactions during magma chamber circulation (see Rutherford & Devine, 1988 , 2008 Thornber et al., 2008a) . Amphiboles in the plutonic inclusion samples are magnesiohornblende (Thornber et al., 2008a) . The range of amphibole compositions is within those reported for amphibole in other more detailed studies of the 1980^1986 and 2004^2005 MSH dacites (Rowe et al., 2008; Rutherford & Devine, 2008; Thornber et al., 2008a) .
Amphibole crystals were commonly analyzed in a near-crystallographic core spot, and a near-edge or rim location. Average amphibole F and Cl contents are illustrated in Fig. 4a for each sample in eruption order. The F content may be overestimated owing to a contribution from the Fe Ka peak (King et al., 1999) . Because the low halogen contents in amphiboles from dacite magmas are near the detection limits for the microprobes (using a TAP spectrometer crystal for Fand PETspectrometer crystal for Cl), the data are used only to show that amphibole halogen content is minor. However, magnesiohornblendes from plutonic inclusions have higher average Cl contents. gabbronorite source rocks. Pyroxene contamination probably is a factor in the low apparent H 2 O content ($1·5 wt %) measured in amphibole-poor SU03-159.
Amphibole dD values
All dD amphibole values are presented in Fig. 5 Suzuoki & Epstein, 1976; Graham et al., 1984) . Cryptodome dD amph values (^82 to^70ø in Table 1 ) and May 18, 1980 plinian white fallout pumice dD amph values (c. 57ø) overlap the dD amph values (^82 to^54ø) reported by Hoblitt & Harmon (1993) . The May 18 white fallout pumice dD amph value of^57ø matches a calculation for dD amph in H isotope equilibrium with^33ø water in $9008C dacite magma (see Evans et al., 1981; Hoblitt & Harmon, 1993; Geschwind & Rutherford, 1995 Amphibole dD values in eruption order. Volcanic rock texture and sample location are indicated by symbols. In each analysis, the symbol is larger than the measurement error; dashed vertical lines connect multiple values within a single sample. For reference, the amphibole dD value from the plinian eruption of May 18, 1980 white fallout pumice is represented as the horizontal band at^57 AE3ø. A box from^82 tô 54ø encompasses the dD amph value range reported by Hoblitt & Harmon (1993) Fig. 6 along with model curves for closed-system degassing:
and open-system degassing (Rayleigh distillation):
for a melt initially containing 5 wt % water, where dD i melt ¼^55ø and F is the fraction of water remaining in the melt. The curves were generated using fractionation factors (a) for water speciation (OH^and H 2 O) in rhyolitic melts (Newman et al., 1988; Dobson et al., 1989; Silver et al., 1990) and the calculation methods of Taylor (1991;  Obsidian Dome) and Hoblitt & Harmon (1993; MSH) .
Data for gray glass from pyroclasts and glass separated from dome lavas coincides with the open-system magma degassing curve (see Hoblitt & Harmon, 1993) . We will discuss further below samples for which dD values and water content depart from the degassing curves (e.g. the hydrous tan glasses in May 18, 1980 pumiceous pyroclasts probably affected by post-eruption alteration) and the differences between dome lava dD groundmass and corresponding whole-rock dD lava values 1989; Anderson et al., 1995) .
Magma temperature and oxygen fugacity
The trends in magma temperature and oxygen fugacity from the Fe^Ti oxide phase compositional data are shown in Fig. 7 . ÁNNO is the difference between the log of the magma oxygen fugacity and log(f O2 ) of the nickel^nickel oxide (NNO) buffer at the same temperature (Huebner & Sato, 1970) . The temperatures display the same behavior (i.e. $920 AE 208C through 1981 to $865 AE108C in 1986) as reported by Rutherford & Hill (1993) and are in general agreement with other MSH studies (Rutherford & Devine, 1988; Cashman, 1992) . Exsolved oxide phases are common in SU03-160 and May 1982 to January 1984 lava dome samples, and are dominant in SU03-112.
Temperature and ÁNNO vary by sample type (e.g. fallout pumice versus pumiceous or dense blocks and lapilli Fig. 6 . Groundmass glass dD value vs water content from selected dacitic rock samples erupted between 1980 and 1986. Because the groundmass separates often included tiny normally anhydrous phases (plagioclase in particular), the actual glass water content is probably slightly higher. The curves are for open-system (continuous line) and closed-system (dashed line) degassing of rhyolitic melts. The undegassed 1980 magma dD value of c.^55ø is based on an equilibrium calculation using amphibole in May 18, 1980 white fallout pumice (SC05-765). Vent location whole-rock dome lava dD values and water contents are from Anderson & Fink (1989) and Anderson et al. (1995) . Labeled bars indicate dD ranges of metamorphic or magmatic waters and shallow meteoric, hydrothermal and Ohanapecosh fluids. Local groundwater at MSH averages dD c.^95ø (Shevenell & Goff, 1993) . from pyroclastic flows) on May 18 and throughout 1980 (see Melson & Hopson, 1981) . The highest magmatic f O2 values are found in May 18 white fallout pumice. Discontinuities in the dome lava trend of calculated temperature and ÁNNO are demonstrated in two samples probably affected by protracted cooling. SU03-152 was collected from the base of a lava spine and scoriaceous surface lava sample SU03-155 may contain lava domains from the dome interior. The slight saddle-shaped profile of the ÁNNO trend from June 1980 to October 1986 is the aspect of interest addressed in the following discussion.
D I S C U S S I O N
The goal of this discussion is to fit our data into the record of volcanic behaviors observed in this series of MSH eruptions. An examination of amphibole dehydroxylation reactions, including conditions that generally favor the reactions, is required for data interpretation. The impact of magma degassing on H isotope fractionation is addressed. In natural systems, exchange reactions between hydrous phases and hydrogen reservoirs surrounding the entire MSH system from the ground surface downward into mid-crustal depths are sometimes manifested as forms of alteration.
Dehydrogenation and other dehydroxylation reactions in amphibole
Experimental studies have demonstrated that the reversible oxidation^dehydrogenation reaction
forms deuterium-enriched oxy-amphibole with the release of protium-enriched hydrogen gas and is kinetically favored above 400^5008C for amphiboles, and under elevated f O2 conditions Kuroda et al., 1988; Phillips et al., 1988; Miyagi et al., 1998; Popp et al., 2006) . The Fe 2þ content in the amphibole at the M(1) or M(3) lattice sites is the primary limitation on the extent of dehydrogenation (Kuroda et al., 1988; Miyagi et al., 1998) . However, in MSH amphibole phenocrysts, quantitative calculation of reaction extent based on degree of iron oxidation is not possible owing to chemical zonation. The original mole fraction of F^or Cl^in the O(3) lattice site Fig. 7 . Magma temperature and oxygen fugacity from Fe^Ti oxide geothermometry vs eruption order. Average temperatures have error bars equal to one standard deviation of single measurements. Corresponding relative oxygen fugacity is expressed as the difference between the calculated value from the geothermometer and the oxygen fugacity of the nickel^nickel oxide buffer at the same temperature in logarithm (base 10) units (ÁNNO). (Fig. 4a) is a minor constraint on the maximum possible extent of dehydrogenation.
Once dehydrogenation reactions approach completion, dehydroxylation in oxy-amphibole continues by dehydration, especially in low-pressure (50·5 km), high-temperature environments (Miyagi et al.,1998) . Dehydration in amphibole,
yields relatively deuterium-rich vapor and D-depleted oxy-amphibole with a vacancy («), and any octahedral sites with OH in the O(3) position participate in oxy-amphibole dehydration reactions (Miyagi et al., 1998) . Additional iron oxidation in oxy-amphiboles can occur with prolonged residence time at high temperatures at elevated f O2 in some near-surface environments (see Clowe et al., 1988; Dyar et al., 1992 ), and fully hydrated amphiboles (dD amph c.^57ø). Many pyroclastic rocks have amphiboles that follow a dehydrogenation reaction trajectory away from the magmatic values of amphibole in JOURNAL OF PETROLOGY VOLUME 54 NUMBER 6 JUNE 2013 SC05-762, but amphibole in lavas is often variably shifted off this dehydrogenation curve. Examination of H loss from amphibole must consider the conditions in a magma that either impede or facilitate this process. Amphibole dehydrogenation [equation (4)] requires that hydrogen escapes by diffusion out of the crystal. At time t, the fraction of the amphibole lattice sites capable of undergoing a dehydrogenation reaction (F Dehydrogenation ) can be calculated by summing D/H in the infinite number of volumetric elements in a model amphibole phenocryst. The onset of conditions that support amphibole dehydrogenation correspond to time t ¼ 0 (see Dyar et al., 1993) . The F Dehydrogenation versus time curves in Fig. 9 represent solutions for several values of the parameter D 1/2 /a, where D is the bulk mineral H diffusion coefficient and a is a characteristic phenocryst dimension (see Zhang, 2008 ). An average spherical phenocryst of radius a ¼1mm is used for illustration. The bulk diffusion coefficient for H in amphibole is $3·2 Â10^1 4 m 2 s^1 at 9008C (Ingrin & Blanchard, 2006) . Model curves are also shown for values of D that are 10^100 times larger.
Lattice damage or microcrack propagation (from preexisting crystal defects and mineral inclusions in amphibole) could increase the effective H diffusion coefficient in amphibole (see Dyar et al., 1993; King et al., 1999) . In mottled crystals, we believe the reddened zones are faster H diffusion pathways quenched into amphibole. At MSH, crystal damage might occur during violent magma vesiculation (e.g. 1980 pyroclastic rocks) and from shearing during flow of high-viscosity magma (e.g. October 1986 lava lobe) (Cashman, 1992; Geschwind & Rutherford, 1995; Cashman & McConnell, 2005) . Curves (b) and (c) in Fig. 9 illustrate the effects of 10Â and 100Â larger H diffusion coefficients on amphibole dehydrogenation.
The dD amph values from secondary amphibole within coherent, large, plutonic xenoliths in the 1983^1986 lavas (Fig. 5) probably reflect D/H at their origin. In contrast, H loss from amphibole in magmas is variably impeded by cladding (i.e. rims) and contacting external phases. The efficiency of hydrogen loss from silicic melt is enhanced by vesiculation (see Taylor, 1991) . Therefore, amphibole dehydrogenation investigations can probe for permeable foam magma degassing and associated magma thermal, chemical (i.e. f H2 ), and fluid-mechanical conditions, whereas amphibole rim thickness and grain size can constrain magma ascent rate and depth of formation.
Amphibole^melt reactions: relationship of rim formation to dehydrogenation Rutherford & Hill (1993) demonstrated that decompression rim thickness on amphibole phenocrysts in experiments using white fallout pumice from the May 18, 1980 morning eruption of MSH is a function of experiment duration under magma conditions outside the amphibole phase stability region. By comparing the natural distributions of corona rim thicknesses on amphibole phenocrysts in dacites erupted from 1980 to 1986, these investigators estimated magma ascent speeds for the single magma pulses. The crystal sizes in rim phases are an indication of growth conditions (i.e. shallower degassed or deeper, more volatile-rich). Table 2 lists estimated magma ascent durations for selected dacite magma pulses across the eruption sequence (Rutherford & Hill, 1993; Pallister et al., 2008) .
Decompression rims on amphiboles are rare in pumice from the 3 h plinian phase of the May 18, 1980 eruption (Fig. 3) when magma ascent was rapid. However, multiple populations of amphibole compositions, rims and dD amph values at hand-sample scales attest to the mixed character (i.e. variably degassed, probably variably oxidized magmas with diverse ascent histories) typical of the dacite magmas erupted throughout 1980^1986 (see Rutherford & Hill, 1993) . By October 1986, the increase in proportion of rim-free and thin-rimmed amphibole populations was attributed to faster magma ascent. The thin black rims on amphiboles in both the 1980 cryptodome and 2005 lava spines 4 and 5 (Fig. 3) formed at low-pressure conditions (see Rutherford & Devine, 2008; Thornber et al., 2008a) .
Pyroclasts erupted in June^October 1980 have diverse amphibole populations including coexisting extensively and weakly dehydrogenated amphibole crystals. Pulsating pyroclastic fountains of the post-plinian phase of the May 18, 1980 eruption are well known (Criswell, 1987) , and collapse of pyroclastic fountains into the MSH vent at the close of the July 22 and August 7, 1980 eruptions were reported by Hoblitt (1986) . Fallback of relatively volatiledepleted but O 2 -enriched pyroclast fountains into the MSH conduit could damage amphibole phenocrysts and potentially modify magma f O2 values (see Wallace & Anderson, 1998) . Some variably extensive amphibole Fig. 9 . Fractional hydrogen loss by diffusion vs time for spherical particle geometry (radius ¼ a ¼1mm) and variable D values. The xaxis value range was chosen to facilitate comparisons with the magma ascent durations from Rutherford & Hill (1993) , summarized in Table 2. dehydrogenation probably developed in vesiculating magma storage zones at 10, 40 and 75 MPa pressures (Cashman & McConnell, 2005) between these eruptions when thin, finer-grained amphibole reaction rim populations are common (Fig. 3a) . In addition, dense, banded pyroclasts (erupted June 12) probably resulted from mixing of new rising parcels of dacite magma with denser, slightly oxidized magma that had drained into shallow storage zones following the May 25 eruption.
As the repose interval lengthened and eruption explosiveness diminished, mottled crystals faded in hightemperature environments as H þ diffusion continued (Fig. 8) , which attenuated within-crystal Fe 3þ /Fe 2þ gradients (see Miyagi et al., 1998) . Remobilization of shallowly degassed magma with partially dehydrogenated (reddish) amphibole populations by an eruption-triggering magma pulse probably containing greenish, relatively less dehydrogenated amphibole, could result in pyroclastic rocks with multiple dD amph populations. In contrast, a wide dD amph range in similarly colored crystals from a sample of erupted lava may be the residual signal of more robust amphibole dehydrogenation several months after the preceding eruption (see Fig. 4 ). For example, the amphibole diversity in the May 1982 dome lava (SU03-134) could be related to the March 20^April 9, 1982 steam explosions, mud flows, and lava lobe emplacements (Swanson et al., 1987) .
Multiple populations of dehydrogenated (and rimmed) amphibole in the lavas from the year-long, continuous eruption beginning in Feburary 1983 probably formed by blending packets of variably degassed magma with others affected by high-temperature oxidation as the solidified carapace of the endogenous lava dome fractured during inflation prior to exogenous lava lobe extrusion (Fink et al., 1990; Swanson & Holcomb, 1990) . The corresponding low ÁNNO magma values (Fig. 7 ) may indicate locally increased f H2 in lavas from amphibole dehydrogenation. Depressed ÁNNO values in other dome lava groups (Fig. 7) may be related to minor populations of rusty amphibole crystals that occur in all 1980^1986 dome lavas.
Water in and surrounding the Mount St. Helens system
Several studies of volcanic gases and products erupted in 1980 suggested that hydrous fluids or brines at 4^5 km depth may have entered the MSH magmatic system (Barnes, 1984; Berlo et al., 2004) . Indeed, a variety of fluids reportedly enters sub-volcanic systems under many volcanoes at multiple levels (Sheppard, 1986; Giggenbach, 1992) . Because H isotopes readily participate in exchange reactions between water and hydrous silicate phases at any depth and across a wide temperature range (Taylor, 1988) , waters with established dD (or probable ranges) capable of affecting the MSH system are reviewed.
The extent of hydrous fluid addition to the magma source from dewatering Juan de Fuca subducted slab components is unknown, but dD Magmatic water of c.^33ø was measured at the MSH summit crater in 1980 (Evans et al., 1981) and dD Magmatic water ¼^35 AE 3ø was detected in dome fumaroles during 1994 sampling (Goff & McMurtry, 2000) . Barnes (1984) evaluated regional springs from the Ohanapecosh Formation (dD ¼^111 to^82ø) and Shevenell & Goff (1993) ( Fig. 1) , and in fumarole gases on the 1980^1986 lava dome from 1984 to 2005 changed over time (Shevenell & Goff, 1993; Goff & McMurtry, 2000; Bergfeld et al., 2008) . Occasionally, a fluid from an unknown source was detected, such as one with dD c.^108ø in MSH dome fumaroles sampled from October 1986 to August 1989 (Shevenell & Goff,1993) . Degassing of magma below MSH persisted from the mid-1990s to 2005 (Gerlach et al., 2008 . In 1980, the water-saturated MSH cone efficiently scrubbed magmatic SO 2 derived from the degassing cryptodome prior to the May 18 blast (Hoblitt & Harmon, 1993; Symonds et al., 2001) .Varying degrees of H isotope exchange between hydrothermal^meteoric wateranddehydrogenated oxy-amphibole phenocrysts probably occurred in this environment, resulting in lowered dD amph values in variably degassedcryptodome lavas.The blast andavalanche deposits were probably saturated with meteoric water from the snow mantle and glacial ice evident in pre-eruption photographs. Subsequent pyroclastic flow deposits and ash fall layers that accumulated on the Pumice Plain during May 18,1980 were probably D-depleted from volatile degassing and hydrothermal fluids entrained in pyroclasts.
Porous glassy pyroclasts were easily rehydrated in the hot, water-saturated, May 18 pyroclastic deposits of the Pumice Plain (see Banks & Hoblitt, 1981; DeGroat-Nelson et al., 2001) . Low dD values of tan hydrous glasses from buried pumiceous pyroclasts overlap dD for mixtures of local groundwater (Shevenell & Goff, 1993) , Ohanapecosh aquifers (Barnes, 1984) and probably shallow hydrothermal water. Amphibole crystals from the most deeply buried pyroclastic flow samples of May18,1980 (i.e. SU03-108 and SU03-109) , although probably dehydrogenated as they erupted based on slight elevation in Fe 3þ /Fe 2þ , apparently rehydrated in the steaming deposits. Pumiceous pyroclast SU03-111 contains an irregularly shaped gray core surrounded by tan pumice; the dD and H 2 O content of the amphibole from each pumice zone is distinct. (The sharpness and lobate shape of the boundary between the two pumices illustrates the impedance of a denser, more degassed groundmass to amphibole phenocryst alteration.) Intensely focused alteration zones around high-temperature dome fumaroles lead to more severe alteration of amphiboles than that observed in hot water-saturated pyroclastic deposits. For example, hydrothermally altered scoriaceous dome lava (SU03-149) contains oxy-amphibole that is $35ø lower than amphibole from nearby, unaltered scoriaceous lava from the same lobe (SU03-148).
Amphibole dehydrogenation in cryptodomes, crater dome lava lobes and whalebacks
In the 1980 period of cryptodome construction, rapid ascent of magma parcels to shallow depths (i.e. 1km) was followed by sudden deceleration or stagnation, shallow degassing and crystallization (Berlo et al., 2004) . The magma that fed the 1980 cryptodome was more amphibole-rich and the staged open-system degassing events (i.e. vesiculation) described by Hoblitt & Harmon (1993) facilitated limited amphibole dehydrogenation that probably contributed to the low magma ÁNNO (Fig. 7) . The relatively high water content and minor Fe oxidation in amphibole phenocrysts result from high-temperature exchange in a low-f O2 environment.
Little amphibole dehydrogenation occurred in the October 1986 dome lava when magma ascent time was $4 days (see Table 2 ); the mottled crystals may have formed in a strongly sheared blob of ascending magma. Amphibole dD, H 2 O content and Fe 3þ /Fe 2þ values are relatively constant in October 1986 lava dome surface samples at varying distances from the vent (Table 1) . However, when a hot lava block was rapidly isolated during lobe formation, the amphibole exposed on new lava faces dehydrogenated briefly before quench; air oxidation was variably low (e.g. SU03-153 and SU03-154 sample pair at different elevations on the same block). In contrast, amphibole extracted from dense dacite at basal lava lobe contacts probably reflects local conditions such as heat supply from the underlying lava flow and fluid presence.
Emplacement of the 2005 dacite spines 4 and 5 can be envisioned as hydraulically lifting a 'tapered stopper' of solidified lava above degassed magma in the uppermost 1km of the conduit (Pallister et al., 2008) . Atmospheric oxygen penetrated fractures in the emerging lava spines, causing distinctive reddened domains in the gray dacite (Pallister et al., 2008) , additional oxidation of nearly anhydrous oxy-amphibole (Fig. 8) , and the oxidized appearance of large plutonic inclusions in 2005 and younger lava spines. Additional contributing factors may include amphibole phenocrysts crystallized in a D-depleted environment created by devolatilization of the decompressing magma chamber (Taylor, 1991; Goff & McMurtry, 2000; Musumeci et al., 2002; Bergfeld et al., 2008; Gerlach et al., 2008) , H isotope exchange with hydrothermal fluids or Ohanapecosh formation waters in the roof zone (compare Soufrie' re Hills Volcano, Harford & Sparks, 2001) or both (Taylor, 1988 (Taylor, , 1991 .
Water in ascending MSH magmas
Low water content, gray pumiceous samples collected from the surfaces of the post May 18, 1980 pyroclastic deposits followed open-system degassing of magmatic water (Fig. 6) . In dome lava samples, dD groundmass values probably represent magma devolatilized during several stages of open-system conditions. This is consistent with the variable degassing models for rising magma pulses in 19801 986 (Anderson & Fink, 1990; Anderson et al., 1995; Scandone et al., 2007) . The heavier dD lava values from non-vent sample locations of dome lava lobes are ascribed to kinetic D enrichment at low water content from limited and minor surface degassing (Anderson & Fink, 1989; Anderson et al., 1995) . However, the dD values and water content in lava and the groundmass of dome lava lobes differ at the vent. Our groundmass glass concentrates (Fig. 6 ) are typically $0·1wt % lower in water content than $5 g (S. Anderson, personal communication) whole-rock vent lava samples (Anderson & Fink, 1989; Anderson et al., 1995) ; these low water contents approach the detection limits of our analytical method. Differences between vent dD lava and dD groundmass values might also reflect entrapment of slightly more volatile-enriched quenched dacite conduit lining that is variably sheared into the ascending magma pulses (see Taylor, 1991) .
The SWCC structure as a source of D-enriched metamorphic fluids derived from black shales is speculative (see Taylor,1988) . Smith & Leeman (1987) proposed enrichment of hygromagmatic elements in MSH dacite magmas over the last $40 kyr by metasomatic fluids from deep crustal sources. The hornblende and cummingtonite phenocrysts (dD values c.^42ø and^37ø, respectively) that we extracted from Yn tephra (dD groundmass c.^114ø) might indicate that the Smith Creek dacite magma was D enriched. A deep fluid source with access to the MSH magmatic system could contribute to the explosiveness of this volcano.
C O N C L U S I O N S
(1) In young volcanic rocks, coexisting amphibole populations characterized by dD, wt % H 2 O and Fe 3þ /Fe 2þ values can be combined with rock texture and sample spatial location to constrain conditions (surface or shallow sub-volcanic) of amphibole dehydrogenation across a well-documented eruption sequence.
(2) When magma ascent rates are 'slower', amphibole in most rapidly quenched volcanic rock samples (including original top lava flow surfaces) follows dehydrogenation reaction trajectories. Deviations from this trend can indicate more complex processes, which may be discovered when the eruptions are observed and investigated from several perspectives. Timescales of amphibole dehydrogenation in magmas are difficult to determine where magma dynamics, volatile content and f O2 at low pressures rapidly change.
(3) The mottled amphibole phenocrysts in the eruptive products at MSH may result from shallow magma vesiculation and drainback of fountained pyroclasts into the conduit and shallow magmatic system early in an eruptive sequence. Mottled amphibole in lava dome surface samples may result from crystal damage from intense shearing in degassed, rapidly ascending magma pulses.
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The Fe^Ti oxide data are reported as ILMAT worksheets containing the microprobe data for the coexisting mineral pairs. The OSU and WSU datasets are combined into a single table. To determine which polished section samples were analysed at OSU and at WSU, readers are referred to the amphibole tables. The UNIL data are presented as a separate file, but the same version of ILMAT was used. 
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